Recent experimental advances in atomically thin transition metal dichalcogenide (TMD) metals have unveiled a range of interesting phenomena including the coexistence of charge-density-wave (CDW) order and superconductivity down to the monolayer limit. The atomic thickness of two-dimensional (2D) TMD metals also opens up the possibility for control of these electronic phase transitions by electrostatic gating. Here we demonstrate reversible tuning of superconductivity and CDW order in model 2D TMD metal NbSe2 by an ionic liquid gate. A variation up to ~ 50% in the superconducting transition temperature has been observed, accompanied by a correlated evolution of the CDW order. We find that the doping dependence of the superconducting and CDW phase transition in 2D NbSe2 can be understood by a varying electron-phonon coupling strength induced by the gate-modulated carrier density and the electronic density of states near the Fermi surface.
In metals, the interactions between free carriers and ions that form the crystal structure lead to a multitude of many-body electronic phases [1] . Modifying the free carrier density, and thus the density of states (DOS) near the Fermi surface and screening of the interaction effects, has long been sought to control the electronic phases [2] . Electrostatic gating is a clean and reversible method to introduce doping near the surface of a material [3] . In particular, electric-double-layer based on an ionic liquid has had a tremendous success in doping various insulator surfaces into metallic phases [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, little success has been made on significantly changing the carrier density in metals by electrostatic gating due to screening arisen from the extremely high carrier densities [16] [17] [18] . Recent experimental advances in atomically thin transition metal dichalcogenide (TMD) metals have unveiled a range of interesting collective electronic phenomena, including the coexistence of charge-density-wave (CDW) order and superconductivity down to the monolayer limit [19] [20] [21] , a Bose metal phase [22] , and Ising pairing in superconductivity [23] . The atomic thickness of two-dimensional (2D) TMD metals has also provided an ideal system to explore electrostatic doping and control of the collective electronic phases in metals.
2H-NbSe2 is a representative TMD metal made of layers bonded by van der Waals' interactions [24] . Each single NbSe2 layer (half of a unit cell thickness) consists of a layer of transition metal Nb atoms sandwiched between two layers of chalcogen Se atoms, forming a trigonal prismatic structure. The electronic band structure near the Fermi energy shows multiple Fermi pockets formed by the valence Bloch states (figure 1a for bilayer NbSe2) [25] . 2H-NbSe2 is thus a hole metal at high temperature. It undergoes a CDW and superconducting transition, respectively, at ~ 33 and 7 K in the bulk, with the two collective phases coexisting below 7 K [24] . Because of the weak interlayer van der Waals' bonding, NbSe2 has been successfully exfoliated into atomically thin layers [19, 20, 22, 23, 26, 27] . Monolayer NbSe2 has also been grown on graphene by molecular beam epitaxy (MBE) [21] . With decreasing layer thickness, whereas all studies consistently show a decreasing superconducting transition temperature (detailed values vary among samples of different origin) [19] [20] [21] [22] [23] , a large discrepancy exists in the reported CDW transition temperature . For instance, Xi et al. observed strongly enhanced CDW order in atomically thin NbSe2 with > 100 K for exfoliated monolayer samples [19] . Ugeda et al. reported slightly weakened CDW order ( ~ 25 K) in monolayer NbSe2 grown on graphene [21] . These discrepancies are not well understood although sample quality and substrates are believed to play a role.
In this Letter, we employ transport and magnetotransport measurements to investigate the superconducting and CDW phase transition in 2D NbSe2 as a function of carrier density modulated by ionic liquid gating. We have been able to reversibly tune the carrier density in bilayer NbSe2 up to 6×10 14 cm -2 (~ 30% of the intrinsic density), and the superconducting transition temperature by ~ 50%, with enhanced with hole doping. Although cannot be accurately determined, similar trend of the CDW transition with doping has been observed. The observed doping dependence of the superconducting and CDW transition can be understood as a result of electron-phonon (e-ph) coupling modulated by the carrier density and the corresponding electronic DOS near the Fermi surface. Our results thus open a new possibility of continuously tuning and studying the electronic phase diagrams of 2D metals over a large window of doping density by ionic liquid gating.
Atomically thin NbSe2 is known to be unstable under ambient conditions [19, 20, 22, 23, 27] . In fact, recent advances on the study of its intrinsic properties have been made possible only by capping NbSe2 [19, 20, 22, 23] or performing in-situ measurements [21] . In a recent gating study of thick NbSe2 flakes using an ionic liquid [28] , NbSe2 flakes were brought into direct contact with the ionic liquid and an irreversible behavior was observed. This is presumably caused by electrochemistry on the surface of NbSe2. To protect the 2D NbSe2 samples from oxidation and undesired electrochemistry in ionic liquid gating while maintaining the high gate capacitance of the device, we have introduced an ultrathin capping layer of chemically stable large-gap semiconductors [29, 30] or insulators [13, 14] . Both MoS2 monolayers and ultrathin (~ 1 nm) hexagonal boron nitride (hBN) layers have been tested. Within the gate voltage range of interest, they have produced similar results (Supplementary Materials Section 1). In this work, we have mainly used monolayer MoS2 to cap NbSe2 because it is much easier to identify than ultrathin hBN due to its larger optical contrast in the visible.
The fabrication method of 2D NbSe2 devices has been described elsewhere [23] . In brief, atomically thin NbSe2 samples were mechanically exfoliated from bulk single crystals on silicone elastomer polydimethylsiloxane (PDMS). Their thickness was first identified by the optical reflection contrast and later confirmed by Raman spectroscopy [19] . The samples were then transferred onto silicon substrates with pre-patterned Au electrodes and shaped into a Hall bar geometry by removing unwanted areas using a polypropylene carbonate (PPC) layer on PDMS stamps. Capping layers (monolayer MoS2 or ~ 1 nm thick hBN), which were prepared on separate substrates, were then transferred onto NbSe2. Ionic liquid N,N-diethyl-N-(2-methoxyethyl)-Nmethylammonium bis(trifluoromethylsulphonyl-imide) (DEME-TFSI) was finally drop casted, covering both the sample and the gate electrode. The finished devices were annealed at 350 K in high vacuum for 3 -5 hours to dehydrate the ionic liquid and to ensure good interfacial contacts between the different layers. The schematic and optical microscope image of a typical device are shown in figure 1b & 1c, respectively. Compared to NbSe2 monolayers, it is much easier to fabricate high quality bilayer samples and devices. Below we focus our study on NbSe2 bilayers. Similar results but stronger effects are expected for monolayers.
Transport measurements were carried out in a Physical Property Measurement System down to 2.1 K. Both longitudinal sheet resistance ( ) and transverse sheet resistance ( ) were acquired with excitation currents limited to 1 μA to avoid heating and high-bias effects. Because of the finite longitudinal-transverse coupling in our devices and the presence of magnetoresistance at low temperature, we antisymmetrized the transverse sheet resistance under magnetic field of opposite directions to obtain the Hall resistance,
, and the sheet Hall coefficient, = . (See Supplementary Section 2 for more details.) To vary the doping density, gate voltage was adjusted at 220 K (which is near the freezing point of the ionic liquid [8] ), followed by rapid cooling to minimize any electrochemistry effects. Figure 2 shows the temperature dependence of the sheet resistance and the sheet Hall coefficient of a typical device (#120) under gate voltage varying from -2 V to 3 V. Metallic behavior is seen in the temperature dependence of (figure 2a): scales linearly with due to e-ph scattering at high temperature, and saturates to a residual value of about 250 Ω due to impurity/defect scattering at low temperature. The residual-resistance ratio (RRR) (estimated as (300 ) (8 ) ) is about 6. Further cooling causes a rapid drop of to zero below 5 K, indicating the superconducting transition. shifts by ~ 30% under gate voltage varying from -2 V to 3 V. This modification is in contrast to previous experiments based on silicon or oxide back gates, where very small modulations in (< 0.2 K) have been observed [20, 27, 31] . Similarly, also depends strongly on gate voltage (figure 2c): for > 100 K, is largely temperature independent; its value increases with increasing . For < 100 K, a drop in upon cooling is observed under up to ~ 2 V; the drop in disappears under large positive 's. As we discuss below, the high-temperature behavior of is dominated by the carrier density and will be used to evaluate its value; and the lowtemperature behavior is influenced by the CDW transition.
Before we interpret the above gating effects on the electronic phase transitions, multiple control experiments have been performed. (See Supplementary Section 1 for details.) We first test the reversibility of the effect. Six bilayer devices have been tested under different gating sequences. All of them were highly reversible and repeatable under the gate voltage range of -2 V to 3 V. (Some devices withstood higher gate voltages, e.g. #150.) Thus extrinsic effects such as gate-induced electrochemistry are unlikely the origin of the observed effects. Second, we compare ionic liquid gating with conventional solid-state dielectric gating by fabricating a bilayer NbSe2 device with a combination of a Si/SiO2 back gate and an hBN/graphene top gate. Similar effects on , but with much smaller modulations, have been observed in the latter device. Third, we verify the role of the MoS2 capping layer. To exclude the possibility of gate-induced superconductivity in MoS2, as has been recently demonstrated [8, 10, 11, 15] , we have performed an identical experiment on monolayer MoS2 alone. No gate-induced superconductivity was observed within the gate voltage range employed in this work. Moreover, electrical contacts to monolayer MoS2, prepared by our fabrication method, are highly unstable and often exhibit zero conductance (i.e. doping into MoS2 is unlikely). The MoS2 film thus only serves as a protection dielectric layer similar to ultrathin hBN. We also note that in addition to doping, electrostatic gating with a single gate introduces a vertical electric field on the samples. The device with dual solid-state gates showed that the electric-field effect on the electronic phase transitions is negligible compared to the doping effect. We therefore conclude that the observed gating effects on the transport measurements arise primarily from modulations in collective electronic phases induced by doping in NbSe2.
We now extract the doping dependence of the superconducting transition temperature of bilayer NbSe2. For simplicity, we have taken to be the temperature corresponding to half of the normal state resistance (see Supplementary Section 3 for more accurate determinations of and for current excitation measurements at varying temperatures). To extract the total sheet density 2 , we have used the high-temperature (> 100 K) value of the Hall coefficient . Although NbSe2 is a multiband metal, it has been shown that at high temperature the carrier scattering rate becomes isotropic in the Fermi surface and can provide a good estimate of the carrier density by using 2 = [32] . Here e is the elementary charge, and is dimensionless and is close to unity. A value of ≈ 0.8 has been obtained by calibrating 2 at = 0 V to the known carrier density 0 in bulk NbSe2: 2 = 0 ≈ 1.9 × 10 corresponding to 1 hole per Nb atom and ≈ 1.25 nm for bilayer NbSe2 [24] ). We note that in the above calibration we have ignored charge transfer between MoS2 and NbSe2 due to their work function mismatch, which has been estimated not to exceed 10 13 cm -2 .
The -dependence of 2 is shown in figure 2d (symbols), which follows a linear dependence (dashed line). The negative slope is consistent with the fact that NbSe2 is a hole metal. We calculate the gate capacitance from the slope to be 7 / 2 . The value agrees very well with the reported ones for the same ionic liquid [8] . The corresponding tuning range of the Fermi energy, calibrated from the DOS at the Fermi energy from ab initio calculations [25] , is ~ 130 meV (shaded region in the electronic band structure of figure 1a). Figure 3 summarizes the doping dependence of for three devices. It clearly shows a monotonic dependence of on the (hole) density in 2D NbSe2 and the ability of gate tuning of from 2.8 K to 5.2 K (4.5 K for undoped case) corresponding to a modulation of ~ 50%.
What is the microscopic origin of the doping dependence of ? Superconductivity in bulk NbSe2 is known to be the BCS type driven by e-ph interactions. Indeed, the doping-induced change in is correlated with the change in the e-ph interactions in our bilayer devices. The slope of the temperature dependence of the resistance ( ) at high temperature, indicating the e-ph scattering strength, can be seen to increase with hole doping (Fig. 2a) . Below we employ a simplified model to relate to doping. The model, which has been applied successfully in previous studies on bulk NbSe2 [33] , ignores the multiband nature of NbSe2. In our model, is predicted by the strong-coupling formula as [34] ].
(
Here ω is the weighted average of the phonon energies in Kelvin introduced by Allen and Dynes [34] , * is the Coulomb pseudopotential, and = ( ) 0 is the dimensionless e-ph coupling constant with ( ) and 0 denoting, respectively, the electronic DOS at the Fermi energy and the effective e-ph coupling energy 0 . We evaluate the e-ph coupling constant for each carrier density 2 (figure 4a) from at high temperature by considering electron-phonon scattering [1] for a 2D metal: = 2 ℏ 0 0 2 (ℏ 0 ) 2 (See Supplementary Section 4 for details). Here ℏ, , 0 and ℏ 0 (≈ 2.74 eV [35] ) are the Planck's constant, Boltzmann constant, vacuum permittivity, and the inplane plasma energy of bulk NbSe2, respectively. The dependence of on is shown in Fig. 4b (symbols) , which can be reasonably well described by Eq. (1) ≈ 0.15 [36] using the DOS at the Fermi energy from ab initio calculations for undoped NbSe2 [25] . Future studies on 2D NbSe2 or similar systems by introducing higher doping densities so that the Fermi level approaches the saddle point singularity at the M-point of the Brillouin zone [25] would be very interesting. It may lead to drastic changes and new phenomena in the collective electronic phases such as a superconducting dome which has been observed in heavily doped TMD MoS2 [8] .
Finally, we comment on the CDW order in 2D NbSe2. Signature of CDW in the temperature dependence of the resistance as a kink around has been observed in bulk NbSe2 samples with large RRRs [37] . No kink can be identified here for atomically thin NbSe2 samples (Fig. 2a) presumably due to their low RRRs. Furthermore, the strong inelastic light scattering from the ionic liquid prevents us from determining in atomically thin NbSe2 by Raman spectroscopy [19] . Here we use the temperature dependence of the Hall coefficient to evaluate the CDW order. It has been shown in bulk NbSe2 that a significant drop in the Hall resistance upon cooling occurs near due to Fermi surface instability [37, 38] . (The Hall resistance changes sign near if the sample's RRR > 25 [37] .) We observed a similar behavior in bilayer NbSe2 for up to ~ 2 V (figure 2c). At = 3 V, the drop in disappears. Instead it increases monotonically with decreasing T, which resembles the behavior of bulk NbS2 [33] (empty triangles, figure 2c ). NbS2 has similar electronic properties as NbSe2, but does not possess a CDW phase [24, 33] . These observations suggest that the CDW order in bilayer NbSe2 is weakened with increasing (decreasing hole density) and can be destroyed at large gate voltages. The positive correlation between superconductivity and the CDW order here contrasts from the weak anti-correlation observed earlier in bulk NbSe2 under high pressure [39] , in which a slight increase in has been observed under complete destruction of the CDW order. Recent angle-resolved photoemission spectroscopy (ARPES) [40] shows that while anisotropic s-wave superconducting gaps are opened at the NbSe2 Fermi surface, CDW gaps are opened only near the CDW wavevectors, where the superconducting gap is minimum; complete destruction of the CDW gaps only slightly enlarges the Fermi surface for superconductivity. Our results are consistent with the fact that both superconductivity and the CDW order are driven by e-ph interactions. Hole doping increases the electronic DOS near the Fermi surface, which leads to stronger e-ph interactions and stronger superconductivity and CDW order. 
Control experiments 1.1 Reversibility of the gating effects
We have investigated six bilayer NbSe2 devices capped with monolayer MoS2. All of them were reversible under ionic liquid gating within the gate range of -2 V to 3 V. (Some devices withstood higher gate voltages.) Supplementary figure 1 demonstrates the effect in one of the devices under the gating sequence of 0, -2, 0, 2, 0, 3, 0, and -3 V. We found both the sheet resistance and sheet Hall coefficient reproducible at zero gate voltage for the first three runs. The last run at 0 V (after applying 3 V) shows a hysteresis. The hysteresis is better seen in supplementary figure 2, which shows the sheet resistance at 220 K when the gate voltage was swept at 10 mV/s between -2.5 V and 2.5 V. The hysteresis, however, can be reversed if the device is kept at a negative gate voltage for a few minutes.
We note that at -3 V (pink lines in supplementary figure 1 ) the normal-state resistance starts to rise above the value at -2 V in the normal state although it is expected to be lower due to the enhanced electron-phonon interactions as discussed in the main text. We took this as an indication of the onset of sample degradations although its influence on the superconducting transition temperature may not be significant. Further applications of negative voltages beyond -3V cause irreversible sample degradations.
Supplementary figure 1. Temperature dependence of the sheet resistance (a) and the sheet Hall coefficient (b) of a bilayer NbSe2 device capped with monolayer MoS2. Different gate voltages were applied in the sequence of 0, -2, 0, 2, 0, 3, 0, and -3 V.
Gating effects on the MoS2 capping layer
To verify the gating effects on the MoS2 capping layer in the electric-double-layer NbSe2 device, we performed similar measurements on identical structures without the NbSe2 bilayer. The device fabrication method is identical to what has been described in the main text. In this method, monolayer MoS2 forms poor electrical contact with gold electrodes (often not conducting). Nevertheless, two-point resistance was measured for the conducting contacts at gate voltages from -2 V to 3 V (supplementary figure 3) . The two-point resistance for both devices was well above 10 4 ohms between 120 K and 220 K, nearly two orders of magnitude larger than that of the bilayer NbSe2/monolayer MoS2 devices. Measurements at lower temperatures were not possible since the contacts for both devices broke. Similarly, measurements were also not possible below ~ 200 K at a gate voltage of -2 V due to the contact problem.
In the second experiment, we fabricated an identical electric-double-layer device with bilayer TaSe2 (instead of NbSe2) capped by monolayer MoS2 (supplementary figure  4a) . TaSe2 is an isoelectronic metal of NbSe2 with ~ 0.2 K in the bulk [1] . The sheet resistance of the TaSe2 device capped by MoS2 shows no sign of superconductivity down to 2.1 K under ionic liquid gating up to ± 2 V (supplementary figure 4b) . The kink in the resistance around 100 K is due to the CDW transition in TaSe2 [2] . Combining these two experiments, we conclude that the observed superconductivity in bilayer NbSe2 capped by monolayer MoS2 around 5 K cannot be the gate-induced superconductivity in monolayer MoS2; and monolayer MoS2 serves barely as a protection dielectric layer in the structure. Further evidence is shown in the experiment discussed in the next section, where different capping materials produce similar gating effects in NbSe2 devices. 
hBN-capped bilayer NbSe2
Here we demonstrate that bilayer NbSe2 capped by ultrathin hexagonal boron nitride (hBN) exhibits similar gate dependence of TC compared to that of bilayer NbSe2 capped by monolayer MoS2. The hBN capped bilayer NbSe2 device was prepared and measured using the same methods as described in the main text. The hBN capping layer is ~ 1 nm thick, measured by atomic force microscopy. The results are shown in Supplementary figure 5. A TC modulation of 0.55 K was observed in the gate voltage range of ± 2 V, compared to 0.67 K for the same gate voltage range for a monolayer MoS2 capped device. The reduced modulation in TC is likely due to the larger thickness of the hBN capping layer and the associated smaller gating efficiency. Significant gating effect was also observed in the temperature dependence of the sheet Hall coefficient, showing qualitatively the same behaviors as in devices capped by monolayer MoS2. Indeed, as long as the Fermi level remains within the band gap of the capping material, gate-induced carrier density is expected to be at the NbSe2 layers. 
Solid-state dual-gate bilayer NbSe2 device
To compare the gating efficiencies, we have studied a dual-gate device with conventional solid-state dielectric gates. A schematic cross section of the device is shown in supplementary figure 6a and the device image in 6b. It consists of a vertical stack of bilayer NbSe2/monolayer MoS2/few-layer hBN/few-layer graphene on Si substrate with a 280-nm thermal oxide layer. The SiO2/Si and the hBN/graphene serve, respectively, as the back and top gate. Bilayer NbSe2 on Si substrate with pre-patterned electrodes was first prepared using the method described in the main text. The rest atomically thin layers (mechanically exfoliated from bulk crystals) were picked up using PPC (polypropylene carbonate) and transferred onto NbSe2 one-by-one. The residual PPC was removed by anisole after each transfer. We were able to vary the back gate voltage from -100 to 100 V and the top gate voltage from -2 to 0.9 V without inducing significant leak currents. Combining the two gates we were able to tune by 0.16 K (supplementary figure 6c). This is < 4% variation in in contrast to the 50% variation achieved using ionic liquid gating. 
Hall resistance in bilayer NbSe2
Supplementary figure 7 shows the magnetic field ( ) dependence of the Hall resistance of the device shown in figure 2 
Gate dependence of the mean-field and BKT transition temperature
In this section, we determine the Berezinskii-Kosterlitz-Thouless (BKT) transition temperature and the mean-field temperature for bilayer NbSe2 at varying gate voltages. The BKT transition in two-dimensional (2D) superconductors corresponds to the disassociation of vortex-antivortex pairs [4] . The transition temperature can be determined from the power laws of the voltage-current dependence [5] . Supplementary figure 8a, b and c show such data at selected gate voltages for bilayer NbSe2 capped with monolayer MoS2. corresponds to the temperature at which V ~ I 3 (dashed lines). The gate dependence of is summarized in supplementary figure 8f. The mean-field transition temperature of a dirty superconductor can be determined from the sheet resistance using the Aslamazov-Larkin formula [6] ( ) = 
can thus be determined as the x-axis intercept of the √| / | vs T plot, as demonstrated in supplementary figure 8e. Its gate dependence is summarized in 8f. The figure also shows that at each gate voltage is very close to (0.5 ). The ratio / shows weak gate dependence. Its value is around 0.94.
